Introduction
A large number of bacteriophages have been isolated from actinomycetes. These phages are known to decrease the yield of antibiotics and other metabolites during the fermentation process (Ogata, 1980; Chater, 1986) . Actinomycete phages have also been used as models for the study of cellular regulatory mechanisms and for the development of cloning vectors (for reviews, see Chater, 1986; Lomovskaya et al., 1980) . Saccharopolyspora hirsuta 367 is the producer of nodusmicin, a typical macrolide antibiotic (Whaley et al., 1980) . During the course of our experiments on S. hirsuta 367 NRRL 12045, a phage, JHJ-1, endogenous to this strain was isolated. Its morphology, host range, genome and intracellular state are described here. This phage exhibits two interesting features : the formation of plaques on some, but not all, strains carrying it as a prophage; and the ability of plaques to continue growth for many days.
Methods
Strains. S. hirsuta strains referred to as 12045, UC 8106 and IC-11 are all versions of the original isolate strain 367 (Whaley et al., 1980) : 12045 was obtained from NRRL; UC 8106 was obtained from the UpJohn Company; and IC-11 was a colony of 12045 that did not release phage (see Results). The independently isolated S. hirsuta NRRL B-5792 is the type strain. Other strains were obtained from NRRL, ATCC and the collection of the John Innes Institute (Norwich, UK).
Media, buffers and chemicals.
The culture medium W, used for phage titration, amplification and host range experiments, contained 10 g yeast extract, 0.5g K2HP04 and l o g D-glucose per litre, and was adjusted to pH 6.5 (Ostrowska-Krysiak et al., 1971). Medium W was used as liquid medium or solidified with 0.8% (w/v) (soft agar) or 1.5% (w/v) (bottom agar) Bacto Agar (Difco). The sporulation medium ATCC no. 5 (SPM) contained 1-0 g yeast extract, 1.0 g beef extract, 2.0 g tryptose, 10 g glucose, 15 g agar and a trace of FeS04 per litre. The phage buffer contained 50 mM-Tris/HCl pH 7 5 1 0 mM-Ca(NO& and 10 mM-MgSO, (Smorawinska et al., 1988) . Restriction enzymes, Bal-3 1 exonuclease, T4 DNA ligase and the Klenow fragment of the DNA polymerase I of Escherichia coli were obtained from Boehringer Mannheim Biochemicals or New England Biolabs and were used in accordance with the manufacturer's recommendations.
Virus titratwn, amplijicatwn and purijkatwn. JHJ-1 was titrated and amplified on plates with a lawn of IC-11, using the double-layer technique (Adams, 1959) . For large-scale amplification, twenty 10 cm plates were routinely used: approximately lo3 p.f.u. of JHJ-1 were mixed with 0.3 ml of a dense liquid mycelial culture of IC-I 1 in a 4 ml soft agar supplemented with lOmM-MgSO,, and overlaid on the bottom agar. For strains UC 8106 and IC-11, liquid mycelial cultures were used since these strains did not sporulate sufficiently to provide a confluent lawn. The plates were incubated at 30 "C for 3 d, cooled at 4 "C for 1 h, and flooded with 5 ml of phage buffer containing 2-3 drops of chloroform. After 8 h at 4 "C, the phage lysate was harvested and centrifuged at 4 "C for 15 min at 4000 g. The supernatant was collected and adjusted to 0.5 M-NaC1 and 10% (w/v) PEG 8000 (Yamamoto et al., 1970) . After at least 4 h at 4 "C, the suspension was centrifuged as described above. The pellet was then resuspended in phage buffer and layered over a CsCl step gradient. The gradient was made from three 2 ml solutions with densities of 1.360, 1.490 and 1-600 g ~m -~ in phage buffer. The gradients were centrifuged at 30000 r.p.m. for 3 h at 16 "C in a SW 41 rotor (Smorawinska et al., 1988) . The phage banded at the 1-490 and 1.600 interface and was harvested by puncturing the side of the tube. The phage suspension was maintained at 4 "C in this solution and the phage yield averaged 1011-1012 p.f.u. Such phage suspensions were stable for at least 12 months.
Determination of the host range. For rapid determination of the host range of phage JHJ-1, 10 yl of a CsC1-purified phage suspension was spotted on a lawn of mycelial culture or heat shocked (10 min, 55 "C) spores ( lo7 c.f.u.) of each strain (Grund & Hutchinson, 1987) . The plates were incubated at 30"C, except for Faenia rectivitgula, which was incubated at 43 "C (Smorawinska et al., 1988) , and examined daily for up to 10 d for evidence of lysis. For a few strains, the virus stocks were diluted to allow visualization of isolated plaques.
Extraction and characterization of JHJ-I DNA. CsC1-purified phage particles were dialysed against phage buffer. The suspension was then treated with DNAase and RNAase (Sigma), both at a final concentration of 50 pg ml-], for 1 h at 37 "C. Proteinase K (0.1 mg m1-I) and SDS (final concentration, 0.5%) were then added. After incubation for 1 h at 37 "C. the viral DNA was purified by extraction with phenol, phenol/chloroform and chloroform/isoamyl alcohol (24 : 1, v/v). The DNA was recovered by ethanol precipitation, dried under vacuum and resuspended in TE buffer (1 0 m-Tris/HCl, 1 mM-EDTA, pH 8.0).
Actinomycete DNA was purified as described by Hopwood et al. (1985) .
Agarose gel electrophoresis was performed in Tris/borate/EDTA (TBE) buffer with agarose concentrations varying from 0.5 to 1.2% (w/v). The gels were stained with ethidium bromide (1 yg ml-l, final concentration) and photographed (Maniatis et al., 1982) .
The mol% G + C content was determined by the ultraviolet spectroscopic method of Ulitzur (1972) and by the CsCl density gradient analysis of Mandel et a/. (1968) as modified by Robin & Rodrigue (1980) , except that the peaks of DNA in the gradient were localized by spotting 1 yl of each fraction on an agarose gel containing 1 pg ethidium bromide ml-l (Maniatis et al., 1982). For both methods, E. coli K12 DNA (density 1.710g ml-l) was included as reference standard (Mandel et al., 1968) .
Genomic DNA blot analysis. JHJ-1 and S. hirsuta genomic DNA were digested with restriction enzymes and electrophoresed on 0.8% agarose gels. DNA was transfered to Hybond N membranes (Amersham) according to the method of Smith & Summers (1980) . DNA probes were labelled with the Multiprime labeling system (Amersham). DNA was hybridized according to the method of Wahl et al. (1979) , except that the hybridization and wash temperatures were 52 "C and 70 "C respectively, to take account of the mol% G + C content of JHJ-1 DNA.
Electron microscopy. Carbon-coated grids (300 mesh) were positively charged by treatment with 1 % (w/v) Alcian Blue for 5 min. Dialysed phage particles (lo9 p.f.u. ml-I) were adsorbed for 1 min and stained for 30 s with 2% (w/v) uranyl acetate or 2% (w/v) phosphotungstic acid, pH 7.1. The grids were examined in a Philips 201 electron microscope. The magnification was calibrated using a carbon grating replica.
Results
Strain 12045 spontaneously releases bacteriophage JHJ-1
We originally obtained a culture of S. hirsuta strain 367 from NRRL (NRRL 12045). After the second cycle of growth and sporulation, plaques appeared 2 d after plating a dense mycelial culture on SPM. In order to obtain an indicator strain for phage propagation, we isolated, by plating dilutions of a mycelial culture of strain 12045 on medium W, a colony named IC-11 that showed no plaque formation after amplification in liquid medium W, replating at high density on SPM or medium W and incubation for 5 d. At this point, strain IC-11 was assumed not to carry extracellular phages nor to spontaneously release phages. However, mock-infected plates were always used for each experiment involving this strain (ti tra t ion, amplification). The chromosomal DNA of IC-11 was identical to that of 12045 as judged by their restriction patterns (data not shown). Strain IC-11 was used to amplify one plaque to demonstrate the presence of a bacteriophage, which was isolated and named JHJ-1. Nine phage DNA preparations isolated from other plaques appearing on 12045 were identical to JHJ-1 DNA by restriction mapping.
Since strain 12045 released a bacteriophage, the frequency of the phenomenon was briefly investigated. Strain UC 8106 and 16 colonies resulting from spores of 1 2045 (see later) never showed spontaneous plaque formation when mycelial cultures were plated at high density and incubated for up to 2 weeks, whereas under the same conditions, IC-11 occasionally showed spontaneous clear plaque formation after 8-10d. The phage DNA isolated from three of these plaques was identical to that of JHJ-1 as determined by restriction mapping. No phage were detected when culture supernatants of IC-11 or UC 8106 were plated on IC-11 or B-5792 as indicator strains. However, B-5792 is not a sensitive indicator strain since evidence of restriction was found in this strain (see later).
Plaque and phage morphology When JHJ-1 was grown on a lawn of strain IC-11, the plaques were clear with a diameter of 3-4 mm after 2 d incubation. However, when such plates were incubated for longer periods, the diameter of the plaques increased. In fact, 10 plaques (diameter 3-4 mm after 2 d) completely lysed the lawn after incubation for 2-3 weeks. This effect was also observed on YEME (Hopwood et al., 1985) , Tryptic Soy Agar (Difco) and SPM. This contrasts with the self-limiting plaque size observed with most, if not all, bacteriophages described thus far.
Phage JHJ-1 has a binal symmetry, with an icosahedral head and a long flexible and striated tail (Fig. 1) . The tail (170 nm) is more than three times longer than the head (50 nm). In some particles, a possible part of the channel mediating DNA injection into the host was observed (Fig. lc) . When the virions were stained with phosphotungstic acid, three structures resembling spikes at the end of the tails were observed (Fig. lc) . Such structures have been recorded in other actinophages (Berthiaume & Ackermann, 1977) and, accordingly, phage JHJ-1 is classified as a member of morphological Phage JHJ-I of Saccharopolyspora hirsuta 575 group B (Bradley, 1967) , characterized by an isometric head, a hexagonal shape, and a very long non-contractile tail. In this group, the tail is often striated and may possess a terminal bulb.
Host range of phage JHJ-I S . hirsuta strain 367 belongs to a genus which comprises only two species, S. hirsuta and S. erythraea; S. hirsuta NRRL B-5792 is the type strain of the species (Lacey & Goodfellow, 1975 
Analysis of the DNA of phage JHJ-I
The G + C content of JHJ-1 DNA was 68.8 mol% as determined by the buoyant density method. The spectrophotometric method gave 70.0 mol%. The DNA of the host IC-11 contained 73-8 mol% and 71.1 mol% G + C , as determined by the CsCl buoyant density and the spectrophotometric methods respectively. The genome length of the phage, calculated as the sum of restriction fragments, is 41.1 kb. The genome has cohesive ends, confirmed by three different techniques : labelling of the end with Klenow fragment of DNA polymerase I in the presence of [a-32P]dCTP then digestion with restriction endonuclease ; ligation followed by digestion ; heating restriction enzyme digests at 90 "C for 10min and cooling on ice before loading on agarose gels (results not shown) .
The phage DNA was digested with 31 restriction enzymes (Table 1 ) and 12 enzymes were chosen for the restriction map (Fig. 2) . Maps were deduced from partial digestion, double digestion and Bal-3 1 exonuclease sequential digestion, and by comparing heated and nonheated restriction digests. In two cases, large fragments (EcoRV A and B; StuI A and B) could not be resolved even on 0.5% agarose gels. These fragments were arbitrarily placed on the map. Complete digestion by EcoRI, BstBI and SmaI could not be achieved, possibly due to the high G + C content of JHJ-1 DNA. It is known that some restriction sites are refractory to digestion by some enzymes (Brown & Smith, 1977; Gingeras & Brooks, 1983) .
JHJ-1 DNA was not digested by MluI, XbaI or XhoI. In these cases, the phage DNA was co-digested with plasmids having at least one of each restriction site to demonstrate the absence of enzyme inhibitors (data not shown). Genomic DNA of IC-11, B-5792 and UC 8106 was resistant to XbaI and XhoI and was digested by MluI, suggesting that these strains may encode XhoI and XbaI methylase specificity.
Strains UC 8106 and IC-11 carry intracellular phage DNA In order to demonstrate the presence of intracellular phage sequences, purified DNA from JHJ-1, UC 8106 and IC-11 was digested with PstI and heat-treated at 90 "C to denature the cohesive sequences. Equal amounts of the bacterial genomic DNA were electrophoresed with JHJ-1, blotted and hybridized with JHJ-1 genomic DNA or with a plasmid clone containing the fused cohesive PstI fragments D (2.5 kbp) and F (1.8 kbp) (Fig.  3) . JHJ-1 DNA was present in strains IC-11 (and 12045) and UC 8106 but not in B-5792 (not shown). This DNA was present in an intracellular form, since the 1.8 and 2.5 kbp PstI fragments were fused to give a 4.3 kbp fragment (Fig. 3) . However, the sensitivity of IC-11 (or 12045) to phage JHJ-1 could still be due to the presence of lysogenic phage in a small proportion of the bacterial population; this would explain the clear plaques caused by JHJ-1 infection. In order to rule out this possibility, we plated spores of 12045 from our initial stock of spores. Isolated colonies were amplified and analysed for JHJ-1 phage sensitivity and for the presence of intracellular phage DNA. All 16 clones were sensitive to phage JHJ-1, none released any phages and their hybridization patterns were identical to that of IC-11. Therefore JHJ-1 can infect a bacterial strain which contains a resident phage. 
Discussion
Phage JHJ-1 is different from any previously characterized actinophage as judged by its host range, mol% G + C content, the number of restriction enzyme cleavage sites, and from its restriction map. An intriguing feature of JHJ-1 is its potential to grow on both young and 'aged' cultures. The plaque size is not self-limiting and there was no difference in the titre when , the phage was plated on heat-shocked spores or a dense mycelial culture of S. hirsuta B-5792. JHJ-1 may be able to exploit the characteristic stationary phase of ageing actinomycete cultures in which the cells, unlike those of dividing bacteria, are continuing to metabolize (Hopwood, 1988) . The host range of JHJ-1 is narrow, limited to only two strains, S. hirsuta NRRL B-5792 and NRRL 12045, among the 19 strains tested. It appears to be characteristic of phages isolated on Saccharopolyspora strains that they have a host range limited to this genus (Katz et al., 1988; Brzezinski et al., 1986; Grund & Hutchinson, 1987; Donadio et al., 1986) . The recent observations that phages P517, 121, SE-3 and SE-5 of S. erythraea can infect Faenia rectivirgula are exceptions (Kempf et al., 1987; Smorawinska et al., 1988) . However, Faenia and Saccharopolyspora are closely related wall type IV actinomycete genera (Embley et al., 1988a, b) .
Phage JHJ-1 DNA was resistant to cleavage by three of the 31 restriction enzymes tested. Of these three enzymes, XhoI isoschizomers are known to be produced by actinomycetes, whereas XbaI and MZuI isoschizomers have not been reported thus far (Roberts, 1984) . The fact that JHJ-1 DNA can be restricted by 13 restriction enzymes found in actinomycetes suggests, according to Cox & Baltz (1984) , that the phage has not evolved recently from a broad-host-range actinophage.
JHJ-1 DNA was shown to be present in an intracellular form in strains 12045 and UC 8106, as the cohesive PstI fragments were fused in their genomes. Whether the phage DNA is present as a plasmid or integrated in the bacterial chromosome remains to be determined.
The most surprising result was the difference in JHJ-1 sensitivity between strains 12045 and UC 8106. Only 12045 was infected lytically by phage JHJ-1. However, both strains should be representatives of the same species [in fact, they should be genetically identical, since Whaley et al. (1980) cited them as the same strain and their restriction patterns were identical] and they are lysogenized by the same phage. Moreover, all the 16 clones isolated from our first spore stock of 12045 were sensitive to JHJ-1 infection and contained intracellular phage DNA. The most obvious explanation would be that JHJ-1 represents a virulent mutant of a lysogenic phage, thus allowing phage JHJ-1 to avoid repression in strain 12045; in this case we believe that the resistance of UC 8106 would be caused by a block during the adsorption of the phage particle or during the early phase of the viral cycle. Alternatively, it is possible that, for unknown reasons, a wild-type JHJ-1 phage could bypass the regulatory circuit of repression of a mutant 12045. Thus UC 8 106 would represent a normal lysogenic strain immune to super-infection by the same phage. However, a phenomenon similar to the Pgl phenotype, a genetically unstable character of Streptomyces coelicolor, might be involved. The Pgl+ phenotype causes phage 4C31 to be unable to undergo more than one round of lysis in Strep. coelicolor and hence prevents plaque formation, while Pgl-mutants give plaques upon phage infection (Chater, 1986) . Thus, UC 8106 would be Pgl+ and contain a prophage, and 12045 (and IC-11) would be Pgl-and therefore be sensitive to any virulent mutation that spontaneously occurred during culture maintenance. If UC 8106 was a Pgl+ strain, this character would have to be very stable since JHJ-1 never yielded plaques on this strain.
Evidence that JHJ-1 is a virulent mutant of a prophage has been obtained. Following treatment of strains UC 8106 and IC-11 with mitomycin C, culture supernatants yielded turbid plaques of self-limiting size on B-5792 as indicator strain; the induced phages did not yield any plaques on IC-11 (L. R. Gaudreau & C. V. DCry, unpublished results). This induced temperate phage is presently being characterized and its properties will be compared with JHJ-1.
